[1] Outer zone radiation belt electrons can undergo gyroresonant interaction with various magnetospheric wave modes including whistler-mode chorus outside the plasmasphere and both whistler-mode hiss and electromagnetic ion cyclotron (EMIC) waves inside the plasmasphere. To evaluate timescales for electron momentum diffusion and pitch angle diffusion, we utilize bounce-averaged quasi-linear diffusion coefficients for field-aligned waves with a Gaussian frequency spectrum in a dipole magnetic field. Timescales for momentum diffusion of MeV electrons due to VLF chorus can be less than a day in the outer radiation belt. Equatorial chorus waves (jl W j < 15 deg) can effectively accelerate MeV electrons. Efficiency of the chorus acceleration mechanism is increased if high-latitude waves (jl W j > 15 deg) are also present. Our calculations confirm that chorus diffusion is a viable mechanism for generating relativistic (MeV) electrons in the outer zone during the recovery phase of a storm or during periods of prolonged substorm activity when chorus amplitudes are enhanced. Radiation belt electrons are subject to precipitation loss to the atmosphere due to resonant pitch angle scattering by plasma waves. The electron precipitation loss timescale due to scattering by each of the wave modes, chorus, hiss, and EMIC waves, can be 1 day or less. These wave modes can separately, or in combination, contribute significantly to the depletion of relativistic (MeV) electrons from the outer zone over the course of a magnetic storm. Efficient pitch angle scattering by whistler-mode chorus or hiss typically requires high latitude waves (jl W j > 30 deg). Timescales for electron acceleration and loss generally depend on the spectral properties of the waves, as well as the background electron number density and magnetic field. Loss timescales due to EMIC wave scattering also depend on the ion (H + , He + , O + ) composition of the plasma. Complete models of radiation belt electron transport, acceleration and loss should include, in addition to radial (cross-L) diffusion, resonant diffusion due to gyroresonance with VLF chorus, plasmaspheric hiss, and EMIC waves. Comprehensive observational data on the spectral properties of these waves are required as a function of spatial location (L, MLT, MLAT) and magnetic activity.
Introduction
[2] Despite more than 40 years of research in magnetospheric physics, the dynamics of the Earth's electron radiation belts are not well understood. Understanding the behavior of relativistic (MeV) electrons in the outer radiation belt (3 < L < 7) is of particular interest since relativistic electrons can cause serious damage to spacecraft [e.g., Baker, 2002] . Nowcasting and forecasting of relativistic electron fluxes in the inner magnetosphere are important facets of space weather science. Enhanced fluxes of relativistic electrons appear in the outer zone following some magnetic storms. Storms or relativistic electron events result from various forms of solar wind driver, including highspeed solar wind streams Blake et al., 1997] , coronal mass ejections [Reeves et al., 1998; Baker et al., 1998 ], and interplanetary shocks [Li et al., 1993] . Reeves et al. [2003] examined a full solar cycle (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) of data, involving 276 magnetic storms, to quantify the relationship between storms and the changes in relativistic electron flux in the radiation belts. Remarkably, it was found that only about a half of all storms increased the fluxes of relativistic electrons, one quarter decreased the fluxes, and one quarter produced negligible change in the fluxes. It is clear that storms do not simply energize the radiation belts. Relativistic electron fluxes following a storm result from a competition between processes of electron acceleration and loss [e.g., Summers et al., 2004a; Thorne et al., 2005a] .
[3] Processes governing the transport, acceleration, and loss of radiation belt electrons are discussed by Li et al. [1997] , Summers and Ma [2000] , Li and Temerin [2001] , Friedel et al. [2002] , O'Brien et al. [2003] , Green and Kivelson [2004] , Green et al. [2005] , and Thorne et al. [2005a] . The papers by Gendrin [2001] , Horne [2002] , and Thorne et al. [2005a] assess the influence of wave-particle interactions on radiation belt electron dynamics. Schulz and Lanzerotti [1974] established radial (cross-L) diffusion as a fundamental energization and transport mechanism in the radiation belts. Radial diffusion driven by enhanced ULF waves can generate relativistic electrons during storms [Hudson et al., 2001; Elkington et al., 2003] , though this generation mechanism does not appear to be effective inside geosynchronous orbit. Since the early work of Kennel and Petschek [1966] on pitch angle scattering of radiation belt particles, it has been known that gyroresonant wave-particle interactions can play a crucial role in magnetospheric physics. In the present paper we now restrict our attention to cyclotron resonant interactions of radiation belt electrons with whistler-mode chorus, plasmaspheric hiss, and electromagnetic ion cyclotron (EMIC) waves. In the companion paper, Summers et al. [2007] present local pitch angle, mixed (pitch angle, momentum), and momentum diffusion rates (D aa , jD ap j/p, D pp /p 2 ) for cyclotron resonance with field-aligned waves with a Gaussian frequency spectrum in a hydrogen or multi-ion (H + , He + , O + ) plasma. Summers et al. [2007] further derive the corresponding bounce-averaged diffusion rates (hD aa i, hjD ap ji/p, hD pp i/p 2 ), assuming a dipole geomagnetic field. Here we apply these bounceaveraged diffusion rates to determine timescales for the acceleration and loss of radiation belt electrons due to cyclotron resonance with the three aforementioned magnetospheric wave modes. We consider electron gyroresonant interaction with whistler-mode (VLF) chorus, plasmaspheric (ELF) hiss, and EMIC waves in sections 2, 3, and 4, respectively. By applying quasi-linear theory, we determine the average effects of gyroresonant diffusion and exclude such highly nonlinear effects as phase trapping by a wave field. In section 5 we determine electron loss timescales due to combined scattering by VLF chorus, ELF hiss, and EMIC waves. Finally, in section 6 we state our conclusions.
Interaction of Electrons With Whistler-Mode Chorus Waves
[4] Whistler-mode chorus emissions are observed outside the plasmasphere over a broad range of local times (2200 -1300 MLT) with typical frequencies in the range 0.05 -0.8 jW e j, where jW e j is the electron gyrofrequency Smith, 1974, 1977; Koons and Roeder, 1990; Meredith et al., 2001; Santolik et al., 2003 Santolik et al., , 2004 . VLF chorus occurs in two frequency bands, a lower band (0.1 -0.5 jW e j) and an upper band (0.5 -1.0 jW e j) [Burtis and Helliwell, 1976; Meredith et al., 2001] . Equatorial chorus (jlj < 15 deg) can be excited by cyclotron resonance with anisotropic 10-100 keV electrons injected near midnight from the plasmasheet [Kennel and Petschek, 1966] . High-latitude chorus (jlj > 15 deg) may be generated in the horns of the magnetosphere [Meredith et al., 2001] . Santolik et al. [2005] find that equatorial chorus in the upper band extends to about L = 8, and in the lower band (below 0.4 jW e j) to L = 11 -12. Typical chorus amplitudes are 1 -100 pT [Burtis and Helliwell, 1975; Meredith et al., 2003a] , though amplitudes up to 1 nT have been reported during intense geomagnetic activity [Parrot and Gaye, 1994] . Chorus emissions are predominantly substorm dependent, and all chorus emissions intensify when substorm activity is enhanced [Meredith et al., 2001] .
[5] Relativistic electrons drift in approximately circular trajectories eastward about the Earth and intersect the spatial zone of chorus emissions for more than 50% of their orbit. Consequently, relativistic electrons are subject to energy diffusion and pitch angle scattering due to gyroresonance with chorus emissions in the lower-density region outside the plasmapause. Summers et al. [1998] constructed resonant diffusion curves and showed that electron gyroresonance with whistler-mode chorus provides a viable mechanism for generating relativistic electrons. Models using a test-particle approach [Roth et al., 1999] , the quasi-linear diffusion formalism [Summers and Ma, 2000; Summers et al., 2002 Summers et al., , 2004b Miyoshi et al., 2003; Horne et al., , 2005b Varotsou et al., 2005; Shprits et al., 2006a] , and a self-consistent wave-particle simulation code [Katoh and Omura, 2004] confirm that electron acceleration by the chorus diffusion mechanism could explain the increase of relativistic electron flux observed during storms or periods of prolonged substorm activity. Various observational studies [e.g., Meredith et al., 2002a Meredith et al., , 2002b Meredith et al., , 2003b Miyoshi et al., 2003; Smith et al., 2004; Iles et al., 2006] provide evidence for chorus-driven electron acceleration to relativistic energies in regions outside the plasmasphere during geomagnetically disturbed periods.
[6] Whistler-mode chorus can also cause significant pitch angle scattering of electrons into the loss cone leading to precipitation losses from the outer radiation belt [Lorentzen et al., 2001; O'Brien et al., 2004; Summers et al., 2005; Thorne et al., 2005b] . Microbursts of relativistic (MeV) electron precipitation observed on SAMPEX can be explained by first-order electron cyclotron resonance with whistler-mode chorus [Thorne et al., 2005b] .
[7] Whistler-mode chorus waves comprise repeated narrowband monochromatic signals with rising frequency [Anderson and Kurth, 1989; Sazhin and Hayakawa, 1992; Santolik et al., 2003 Santolik et al., , 2004 . In this paper we average over a specified band of chorus emission and treat chorus waves as broadband and phase-incoherent. The quasi-linear diffusion theory described in Summers et al. [2007] can therefore be applied to treat chorus interactions with radiation belt electrons. We expect that quasi-linear theory can give a reasonable description of chorus/electron resonant diffusion, even though the quasi-linear formalism cannot take account of nonlinear effects such as trapping in momentum space. The studies by Albert [2002] and Trakhtengerts et al. [2003] show that electron acceleration due to phase trapping by a monochromatic wave can in fact exceed stochastic acceleration predicted by quasi-linear theory. By means of test particle simulations, Omura and Summers [2006] demonstrated that the energization of electrons trapped by a monochromatic VLF wave is considerably enhanced in the case of increasing wave frequency (corresponding to a rising tone) compared to the case of constant frequency.
[8] In the present study we base our calculations on the assumption that chorus waves are field-aligned. This simplifying assumption is partly justified by the studies of Summers [2005] and Thorne et al. [2005b] who found that first-order cyclotron resonant scattering rates of electrons by whistler-mode chorus agree very well with rates calculated assuming a wide-angle spectrum and ±5 harmonic resonances.
Further, Shprits et al. [2006b] compared bounce-averaged diffusion rates for field-aligned and oblique waves and found that errors associated with the neglect of higher-order resonances are smaller than inaccuracies associated with uncertainties in the input values for the plasma density and latitudinal distribution of the waves.
[9] We now calculate diffusion rates for electrons interacting with whistler-mode chorus outside the plasmasphere. In Figures 1 -7 we adopt the wave properties as used in Figures 1 -2 of Summers [2005] . We assume a Gaussian frequency spectrum, equation (2) in the work of Summers et al. [2007] , with w 1 = 0.05 jW e j as the lower frequency limit, w 2 = 0.65 jW e j as the upper frequency limit, w m = 0.35 jW e j as the frequency of maximum wave power, dw = 0.15 jW e j, and we set the wave amplitude DB = 0.1 nT. The parameter Figure 1 . Two-dimensional plot of (left) local diffusion rates (D aa , jD ap j/p, D pp /p 2 ) and (right) corresponding bounce-averaged rates (hD aa i, hjD ap ji/p, hD pp i/p 2 ) for electrons interacting with chorus, at L = 4.5, for a* = W e 2 /w pe 2 = 0.16, and wave amplitude DB = 0.1 nT. Wave spectrum is Gaussian with 0.05 jW e j < w < 0.65 jW e j and w m = 0.35 jW e j, dw = 0.15 jW e j. a* = W e 2 /w pe 2 , where w pe is the electron plasma frequency, plays an important role in cold plasma theory. In Figures 1 and 2 we focus our attention on the center of the outer radiation belt and we put L = 4.5, and take a* = 0.16 which corresponds to the electron number density N 0 = 7.1 cm À3 , typical of the equatorial region outside the plasmasphere [Meredith et al., 2003a] . We further assume in Figures 1 and  2 that the chorus waves are distributed latitudinally along the entire magnetic field line. Figure 1 comprises twodimensional plots of electron diffusion rates in (equatorial pitch angle, energy) space over the range (0 a eq 90 deg, E k 1 MeV). Local pitch angle, mixed (pitch angle, momentum), and momentum diffusion rates (D aa , jD ap j/p, D pp /p 2 ) are shown on the left, with the corresponding bounce-averaged rates (hD aa i, hjD ap ji/p, hD pp i/p 2 ) on the right. Diffusion coefficients are zero in the blank regions of the graphs (see section 3 of Summers et al. [2007] for details on the calculation of (E k , a) resonance regions). Corresponding to the wave conditions in Figure 1 , we plot in Figure 2 local and bounce-averaged electron diffusion rates at particular energies, as specified. Figures 1 and 2 demonstrate that the values of both local and bounceaveraged diffusion coefficients are sensitively dependent on pitch angle and energy. Moreover, these figures show that the overall effects of bounce-averaging are likewise dependent on pitch angle and energy. A general effect of bounce-averaging is to extend the region of (energy, pitch angle) space over which resonance takes place. This is due to the off-equatorial resonances that are accounted for by the bounce-averaging process. In Figures 1a and 1b and Figure 2 (top) we see that for MeV electrons bounce-averaging extends the range of pitch angle scattering into the loss cone. Pitch-angle scattering of higher-energy electrons (E k > 300 keV) is more efficient at higher latitudes than at Figure 2 . Local and bounce-averaged diffusion rates for electrons interacting with chorus, at L = 4.5, for the specified energies. Wave spectrum is as adopted in Figure 1 . Wave spectrum is as adopted in Figure 1 .
the equator, while for lower-energy electrons (E k 100 keV) the reverse is true. A good estimate for the electron loss timescale is given by 1/hD aa i where the bounce-averaged electron pitch angle diffusion coefficient hD aa i is evaluated at the equatorial loss cone angle. The timescale for pitch angle scattering of 1 MeV electrons into the loss cone is less than 1 day, while the corresponding timescale for lowerenergy electrons (E k 100 keV) is less than 1 hour. For electron energies up to 1 MeV, the local and bounce-averaged momentum diffusion rates tend to maximize at higher pitch angles. For 1 MeV electrons, bounce-averaging increases the diffusion rates and extends the range of pitch angles over which momentum diffusion is effective (Figures 1e and 1f and Figure 2 , bottom). The momentum diffusion timescale for 1 MeV electrons with equatorial pitch angles in the range 30 < a eq < 90 deg is less than 1 day.
[10] In Figure 3 we examine the sensitivity of the diffusion rates to variations in the electron density N 0 , for 1 MeV electrons at L = 4.5. We assume that the waves are distributed latitudinally over the entire field line. We take the specified a* values in the range 0.01 a* 0.4444 corresponding to the approximate number density range 114 ! N 0 ! 2.6 cm
À3
. The parameters adopted in Figure 3 were used in Figure 2 of Summers [2005] . The value of the parameter a* = W e 2 /w pe 2 is proportional to B 0 2 /N 0 , where B 0 is the background magnetic field, and N 0 is the electron number density. As the value of a* increases, or the electron number density N 0 decreases, the bounce-averaged diffusion rates broadly increase (Figure 3 ). From Figure 3 (bottom) we see that, as for the local rates [Summers, 2005] , the bounce-averaged momentum rates at high pitch angles increase by about 3 orders of magnitude as a* is increased from 0.01 to 0.4444. The result that energy diffusion is more effective in regions of lower electron density was obtained by Summers et al. [1998] from an analysis of resonant diffusion curves in momentum space. For MeV electrons at sufficiently large equatorial pitch angle, at L = 4.5, timescales for momentum diffusion are less than 1 day if a* > 0.04. This condition, which corresponds to w pe / jW e j < 5, is typically encountered at L = 4.5 during active conditions over a broad range of local times [Meredith et al., 2003a] . Figure 3 (top) also shows that bounce-averaged pitch angle diffusion rates near the loss cone can increase Figure 4 . Bounce-averaged momentum diffusion rates for electrons interacting with chorus, for the fixed energy of 1 MeV, at the specified L values. Wave spectrum is as adopted in Figure 1 , and 60% drift-averaging has been applied. . Electron loss timescales due to chorus scattering, as a function of L shell, for the specified energies. Wave spectrum is as adopted in Figure 4 , and 60% drift-averaging has been applied. significantly as the number density is decreased. Precipitation loss timescales for MeV electrons can be a few hours for the conditions assumed in Figure 3 . MeV electron precipitation loss due to chorus scattering could therefore be important during the main phase of a storm when densities are low [Thorne et al., 2005b] .
[11] In Figure 4 we plot bounce-averaged momentum diffusion rates for MeV electrons at various L values. In this case, we assume that the waves are distributed latitudinally along the entire field line, and to simulate a typical MLT distribution of chorus waves we apply 60% driftaveraging. We also use the model due to Sheeley et al. [2001] for the density in the trough outside the plasmasphere, N 0 = 124 (3/L) 4 cm À3 . We find that for such conditions, at sufficiently large equatorial pitch angles, the momentum diffusion timescale for MeV electrons is a few days or less and is largely independent of L shell. Bounceaveraged momentum diffusion rates for 1 MeV electrons at L = 4.5 are plotted in Figure 5 for various latitudinal distributions of chorus waves. We apply 60% drift-averaging, and we consider the distributions jl W j < 15, 20, 25, 30, 35, and 90 deg. For electrons with pitch angles in the range 60 < a eq < 90 deg the momentum diffusion timescale is of the order of a few days if jl W j < 15 deg. Equatorial chorus waves can therefore effectively accelerate MeV electrons of sufficiently large pitch angle. If the latitudinal distribution of waves is increased from jl W j < 15 deg to jl W j < 35 deg, the range of pitch angles for effective acceleration (acceleration timescales of a few days) is increased to 20 < a eq < 90 deg. Thus higher-latitude chorus (jlj > 15 deg) increases the efficiency of the chorus mechanism for electron acceleration.
[12] In Figures 6 and 7 we plot electron loss timescales due to chorus scattering at the specified energies, as a function of L shell. As in Figure 5 , we adopt the trough density model due to Sheeley et al. [2001] , and we apply 60% drift-averaging. To estimate the loss timescale t loss due to chorus at L = 3.0, 3.5, 4.0, 4.5, and 5.0, we determine the quantity t loss = 1/hD aa i, where hD aa i is the bounceaveraged pitch angle diffusion coefficient for the specified chorus band evaluated at a eq = (a L ) eq , where (a L ) eq is the equatorial loss cone angle given by equation (34) in the work of Summers et al. [2007] . In Figure 6 we assume that the chorus waves are distributed along the entire field line. For this case we see that the loss timescale t loss for 1 MeV electrons is about 1 day or less over the range 3 L 5. Electrons of energy 500 keV are scattered even more efficiently (t loss $ a few hours). In Figure 7 we show loss timescales for electrons of energies 1 MeV and 500 keV for the conditions assumed in Figure 6 except that we consider the effects of different latitudinal distributions of waves, as indicated. The results in Figure 7 show that for electrons of energy 500 keV to 1 MeV loss timescales due to chorus can be extremely sensitive to the latitudinal distribution of waves and also that efficient pitch angle scattering of such energetic electrons requires waves at higher latitudes. For instance, for MeV electrons (Figure 7 , top) the loss timescale at L = 5 is about 20 days if jl W j < 30 deg but is slightly more than 1 day if jl W j < 35 deg. In agreement with the recent analysis of MeV electron microburst loss by Thorne et al. [2005b] , our study finds that efficient scattering of MeV electrons by first-order cyclotron resonance with chorus typically requires waves with a latitudinal distribution jl W j > 30 deg.
[13] In this section, while we have considered various latitudinal distributions for chorus waves, we have assumed that the wave intensity is constant at latitudes over which waves are present. Chorus waves may undergo offequatorial Landau damping [e.g., Bortnik et al., 2006] . This would lead to a latitudinal dependence of the wave power. We do not take into account such an effect in the present investigation.
Interaction of Electrons With Plasmaspheric Hiss
[14] Plasmaspheric hiss is a broadband ELF whistlermode emission in the frequency range from $100 Hz to several kHz. Even during geomagnetically quiet periods, hiss is present and occupies a broad expanse of the plasma- sphere. Plasmaspheric hiss intensifies during storms or substorms Thorne et al., 1974] . The spatial extent of the plasmasphere depends on geomagnetic activity, with the innermost boundary of the plasmasphere located at L = 2 or 3 during storms and at L = 5 or 6 during quiet periods. Hiss can also occur outside the plasmasphere, e.g., in detached plasma regions [e.g., Parrot and Lefeuvre, 1986] . Typical broadband amplitudes of hiss range from 10 pT during quiet periods [Tsurutani et al., 1975] to 100 pT during the recovery phase of storms . Meredith et al. [2004] carried out a statistical analysis of plasmaspheric hiss (100 < f < 2000 Hz) using wave data and particle data from CRRES. Hiss amplitudes were found to depend on L shell, MLT, magnetic latitude, and substorm activity. Further, it was discovered that hiss occurs in particular equatorial and midlatitude zones, primarily on the dayside. Meredith et al. [2004] found that during active conditions, equatorial hiss (jlj < 15 deg) has an average amplitude DB = 40 pT in the region 2 < L < 4 from 0600 to 2100 MLT, while midlatitude hiss (15 < jlj < 30 deg) has an average amplitude DB = 47 pT in the region 2 < L < 4 from 0800 to 1800 MLT. Midlatitude hiss was also found to extend beyond L = 6 from 1200 to 1500 MLT.
[15] There have been extensive observations of plasmaspheric hiss since the 1960s, e.g., see the review by Hayakawa and Sazhin [1992] and the references given by Meredith et al. [2004] and Masson et al. [2004] . Nevertheless, the generation mechanism of hiss has not been completely resolved. Kennel and Petschek [1966] originally proposed that plasmaspheric hiss can be produced by the electron cyclotron resonance instability. Various studies [e.g., Church and Thorne, 1983; Solomon et al., 1988; Cornilleau-Wehrlin et al., 1993] have shown that hiss can be excited from anisotropic distributions of electrons that have been injected into the inner magnetosphere from the plasmasheet during substorms. Whether significant wave amplification can be achieved by the cyclotron resonance generation mechanism, however, is not clear, and further detailed modeling needs to be carried out. Meredith et al. [2004] found that enhanced equatorial and midlatitude emissions are associated with electron flux enhancements in the energy range of 10s to 100s of keV, which suggests that these electrons are the most likely source of plasmaspheric hiss. The study of Meredith et al. [2004] suggests that plasmaspheric hiss could be generated in two source regions, one near the equator and the other at midlatitude.
[16] Lyons et al. [1972] showed that pitch angle scattering of energetic electrons into the loss cone by plasmaspheric hiss can explain the formation of the quiet-time slot region that separates the inner (1 < L < 2.5) and outer (3 < L < 7) radiation belts. Plasmaspheric hiss also contributes to the pitch angle scattering loss to the atmosphere of relativistic (>1 MeV) electrons generated during the recovery phase of magnetic storms [Tsurutani et al., 1975; Albert, 1994 Albert, , 2003 Thorne et al., 2005a] . However, since hiss occurs in the high density ($10 3 cm
À3
) plasmasphere, the parameter a* / B 0 2 /N 0 is small, and, consequently, from the study of Summers et al. [1998] , it follows that plasmaspheric hiss is not expected to be significant for electron acceleration.
[17] The fluxes of energetic electrons in the Earth's outer radiation belt gradually decay to quiet-time levels following enhanced geomagnetic activity. Meredith et al. [2006] used CRRES observations to estimate the timescales for energetic electron loss. It was found that the loss of electrons in the region 3 L 5 occurs on timescales ranging from 1.5 to 3.5 days for 214 keV electrons and 5.5 to 6.5 days for 1.09 MeV electrons. Further, Meredith et al. [2006] found that electron decay takes place in regions where a* = W e 2 /w pe 2 is small (<0.02), which indicates that the loss of electrons takes place in the plasmasphere. Loss timescales for pitch angle scattering by plasmaspheric hiss were calculated using wave properties deduced from the CRRES observations and the theoretical framework of Lyons et al. [1972] and Albert [1994] . Meredith et al. [2006] concluded that plasmaspheric hiss propagating at small wave-normal angles is responsible for electron loss over a wide range of energies and L shells. Plasmaspheric hiss at large wave-normal angles was not found to contribute significantly to the electron loss rates.
[18] Here, we use the theoretical formalism in Summers et al. [2007] to estimate timescales for energetic electron loss from the outer radiation belt due to pitch angle scattering by plasmaspheric hiss in both regimes of low and high geomagnetic activity. We assume that hiss has a Gaussian frequency distribution, with lower-frequency w 1 /2p = 0.1 kHz, upper-frequency w 2 /2p = 2.0 kHz, bandwidth dw/2p = 0.3 kHz, and w m /2p = 0.55 kHz as the frequency of maximum wave power. In the upper part of Table 1 , for low geomagnetic activity (K p < 3 À ), we present values for the electron number density N 0 , the parameter a* = W e 2 /w pe 2 , and the mean hiss amplitude DB, from CRRES data given by Meredith et al. [2006] at L = 3.0, 3.5, 4.0, 4.5, and 5.0. We also give the corresponding electron minimum resonant energy E min at these L values, as calculated from equation (16) in the work of Summers et al. [2007] with s = e and s = 1. In Figure 8 we show the local hiss diffusion coefficients D aa and corresponding bounce-averaged diffusion coefficients hD aa i, at L = 3.0, 3.5, 4.0, 4.5, and 5.0, for the electron energies E k = 214 keV, 510 keV, and 1.09 MeV. The coefficients D aa and hD aa i are evaluated from equations (5) and (30) in the work of Summers et al. [2007] using the data corresponding to low geomagnetic activity given in Table 1 . Figure 8 demonstrates generally that the efficiency of pitch angle scattering by hiss increases as the electron energy decreases and also as the L shell decreases. Figure 8 also clearly shows the importance of performing bounce-averaging in order to obtain the effective scattering rates. For instance, for 3 L 5, 1.09 MeV electrons at small equatorial pitch angles are not subject to resonant scattering. However, the bounce-averaged diffusion rates for 1.09 MeV electrons are significant near the equatorial loss cone, due to higher-latitude scattering. In general, the results of bounce-averaging depend on L value and particle energy. Bounce-averaging may increase, decrease, or leave unchanged the local scattering rate at the equator.
[19] In Figure 9 , for each energy E k = 214 keV, 510 keV, and 1.09 MeV, we plot local electron scattering rates as a function of magnetic latitude, at the specified L values, evaluated at the equatorial loss cone angle. Figure 9 illustrates that resonant pitch angle scattering occurs at progressively higher ranges of magnetic latitude as the L value is increased, for a fixed energy, or as the energy is increased, for a fixed L value. For example, for 1.09 MeVelectrons near the equatorial loss cone, the range of effective scattering is approximately 15 < l < 30 deg at L = 3 and approximately 30 < l < 40 deg at L = 5. In Figure 10 (bottom) we plot the local scattering rates for 1.09 MeV electrons at L = 3 at the specified magnetic latitudes, as a function of equatorial pitch angle. For comparison, in Figure 10 (top) we show the corresponding bounce-averaged scattering rate. Figure 10 shows that near the equator at L = 3 the range of pitch angles over which 1.09 MeV electrons are in resonance with hiss is approximately 43 < a eq < 80 deg, in agreement with Figure 8 (bottom). As the latitude is increased, the maximum scattering rate decreases and shifts to lower equatorial pitch angles. A similar scenario for MeV electron scattering by chorus waves was found by Thorne et al. [2005b] .
[20] In Figure 11 we show electron loss timescales at the specified energies as a function of L corresponding to low geomagnetic activity. The measured values obtained from CRRES Medium Electrons A data by Meredith et al. [2006] are denoted by vertical lines. Theoretical values for the loss timescales found by Meredith et al. [2006] are plotted for Figure 8 . Local and bounce-averaged electron pitch angle diffusion coefficients due to hiss, at the given energies and L values, for parameters and wave amplitudes corresponding to low geomagnetic activity, as given in the upper part of Table 1. wave-normal angles of Y m = 0, 52, and 80 deg. Our own model values for the electron loss timescales t loss at L = 3.0, 3.5, 4.0, 4.5, and 5.0 are connected by solid lines. Our results for t loss are also given in Table 1 (top). The calculations of Meredith et al. [2006] are based on wavenormal distributions given in their Table 2 , while our calculations assume field-aligned waves with zero wavenormal distribution. Meredith et al. [2006] employ a model due to Lyons et al. [1972] that requires the solution of a onedimensional pitch angle diffusion equation for the electron distribution function. This equation and its associated boundary conditions are solved by Meredith et al. [2006] as a two-point boundary-value problem for the electron precipitation lifetime. Diffusion coefficient calculations by Meredith et al. [2006] were carried out using the PADIE code . In the present study we calculate the electron loss timescale using t loss = 1/hD aa i, where the bounce-averaged diffusion coefficient hD aa i is evaluated at the equatorial loss cone angle (a L ) eq given by equation (34) in the work of Summers et al. [2007] . Our model solutions shown in Figure 11 generally provide a very good fit to the data. For electron energies E k = 510 keV and 1.09 MeV our model solutions provide a slightly better fit to the data over the range 3 L 5 than the solutions of Meredith et al. [2006] . For E k = 214 keV and 3.5 L 5, the small and medium wave-normal solutions of provide a closer fit to the data than our model solutions. We conclude that at least for energies exceeding 500 keV, pitch angle scattering by field-aligned plasmaspheric hiss with a small spread in wave-normal angle can largely account for observed quiet-time electron losses over the range 3 L 5. For E k = 1.09 MeV and 4.5 L 5, Figure 9 . Local electron pitch angle diffusion coefficients due to hiss as a function of magnetic latitude l, for the specified energies and L values, evaluated at the equatorial loss cone angle, for low geomagnetic activity, as in Figure 8 . [21] The model solutions of Meredith et al. [2006] and our model values shown in Figure 11 are based on the assumption that the waves are distributed latitudinally along the entire magnetic field line. We demonstrate the sensitivity of the loss timescales to the latitudinal wave distribution in Figure 12 . For E k = 1.09 MeV, we show loss timescales corresponding to waves distributed over the ranges jl W j < 25, 30, 35, and 90 deg (top left), and we show the corresponding bounce-averaged diffusion coefficients at L = 4.5 (top right); similar results for E k = 510 keV and 214 keV are shown in the middle and bottom. Figure 12 demonstrates that, dependent on electron energy and L shell, the loss timescales can be extremely sensitive to changes in the latitudinal wave distribution. For instance, examine the profiles for the loss timescales for the cases jl W j < 25 deg and jl W j < 35 deg, if E k = 1.09 MeV; and the cases jl W j < 15 deg and jl W j < 30 deg, if E k = 510 keV. The nature of the dependence of the loss timescales on the latitudinal wave distribution is related to the range of latitude over which wave-particle resonance can take place, for a given energy and L value (as illustrated, for example, in Figures 9 and 10).
[22] In the lower part of Table 1 , for high geomagnetic activity, we present values at L = 3.0, 3.5, and 4.0 for the electron number density N 0 , the parameter a* = W e 2 /w pe 2 , the electron minimum resonant energy E min , and the average amplitudes for equatorial (jlj < 15 deg) and midlatitude (15 < jlj < 30 deg) hiss. These values are derived from CRRES data over the MLT range from 0900 MLT through dusk to 2300 MLT, for geomagnetically active conditions specified by AE* > 500 nT, where AE* is defined as the maximum value of the AE index in the previous 3 hours. In Figure 13 we show our model calculations of electron loss timescales due to plasmaspheric hiss based on the parameter Figure 11 . Electron loss timescales as a function of L at the specified energies for low geomagnetic activity. The measured values due to Meredith et al. [2006] are denoted by vertical lines. Our model calculations for the electron loss timescales due to hiss are shown together with the model values of Meredith et al. [2006] . All model solutions assume that the waves are distributed over the entire field line.
values and wave amplitudes for high geomagnetic activity given in Table 1 . We assume the waves are distributed over the entire field line, and we take account of the specified MLT distribution by carrying out the required 14/24 driftaveraging. The electron loss timescales shown in Figure 13 , given also in Table 1 , confirm that pitch angle scattering by plasmaspheric hiss can provide an efficient mechanism for the precipitation loss of energetic electrons from the outer zone during geomagnetically active periods. We note that for 3 L 4 and for all energies E k = 214 keV, 510 keV, and 1.09 MeV, the electron loss timescale is less than 2 days. In particular, for electrons of energy 1.09 MeV at L = 4, the loss timescale is slightly less than 1 day. This implies that under certain conditions, hiss scattering can be comparable to EMIC wave scattering [Summers and Thorne, 2003; Summers, 2005] as a mechanism for depleting relativistic electrons from the outer radiation belt. During the main and early recovery phase of a typical magnetic storm, the plasmapause can move inward to L = 3, especially on the dawnside. However, the plasmapause tends to lie at a larger L shell on the duskside. This enables scattering by hiss to contribute to the loss of outer zone radiation belt electrons during the main and early recovery phase of a storm. In the following section, we will subsequently make a comparison (illustrated in Figure 18 ) of electron precipitation loss timescales due to scattering by plasmaspheric hiss and EMIC waves. ) ion gyrofrequencies; examples of (L-mode) EMIC dispersion curves are given in section 3 of Summers et al. [2007] . EMIC waves are intensified during magnetic storms [Fraser et al., 1996; Bräysy et al., 1998; Erlandson and Ukhorskiy, 2001] with typical broadband amplitudes reaching values in the range 1 -10 nT. A source of free energy for EMIC wave excitation is the anisotropic distribution of low-energy ($keV) ring current hydrogen (H + ) ions convected from the magnetotail [Jordanova et al., 2001] . The particular band of EMIC waves that is excited depends on the ion composition, level of geomagnetic activity, and spatial location [Fraser and Nguyen, 2001] .
Interaction of Electrons With Electromagnetic Ion Cyclotron Waves
[24] Even though the drift orbits of stormtime relativistic (>1 MeV) electrons intersect the localized zone of EMIC wave excitation briefly, significant electron pitch angle scattering and precipitation loss can occur over many drift orbits, namely several hours, because EMIC wave amplitudes typically exceed the level for strong diffusion scattering [Summers et al., 1998; Summers and Thorne, 2003] . Summers and Thorne [2003] analyzed theoretically how the minimum energy for EMIC wave/electron resonant interaction depends on the parameter a* = W e 2 /w pe 2 , the properties of the EMIC wave spectrum, and the ion composition. Summers and Thorne [2003] found that in order to lower electron resonant energies to geophysically interesting values, a suitably low value of the parameter a* is required. Typically, a* 0.01 is sufficient to ensure minimum electron resonant energies comparable to 1 MeV if other conditions also hold, e.g., if wave frequencies are just below the hydrogen or helium ion gyrofrequencies. The condition a* 0.01 holds in regions of high electron density or low magnetic field such as the plasmasphere or within detached plasma regions at high L values. Since EMIC wave/electron resonance occurs in low-a* regions, EMIC waves are not expected to be effective for electron acceleration [Summers et al., 1998 ]. From a statistical study of more than 800 EMIC wave events observed on CRRES, Meredith et al. [2003c] reported a subset of L-mode events with minimum electron resonant energies below 2 MeV, confined to regions where a* < 0.01, for frequencies just below the hydrogen or helium ion gyrofrequencies. The EMIC wave average spectral intensity of 4 -5 nT 2 /Hz measured by Meredith et al. [2003c] is sufficient to cause electron pitch angle diffusion near the strong diffusion limit.
[25] We now examine electron pitch angle diffusion rates for EMIC waves in hydrogen and multi-ion plasmas. In Figure 14 we plot local and bounce-averaged electron diffusion coefficients for L-mode EMIC waves in a hydrogen plasma, at L = 4, for the specified energies. We set a* = 2.3 Â 10 À3 corresponding to the electron number density N 0 = 1000 cm
À3
, characteristic of the plasmasphere. We assume a Gaussian frequency spectrum, with peak frequency w m = W p /3, where W p is the proton gyrofrequency, and we choose the waveband W p /6 < w < W p /2, with dw = W p /6. The parameter values used in Figure 14 are identical to those used to calculate the local pitch angle diffusion coefficients in Figure 4 of Summers [2005] . In Figure 14 , to take account of the typical MLT distribution of EMIC waves in the plasmasphere, we have applied 1% drift-averaging. We have further assumed that the waves are distributed latitudinally over the entire field line. The effect of bounceaveraging is to reduce the pitch angle diffusion rates by about an order of magnitude for energies E k = 1.25, 1.5, 2 MeV, and by about a factor of 3 for E k = 5 MeV. Even Figure 13 . Model calculations of the electron loss timescales due to hiss at the specified energies and L values, for parameters and wave amplitudes corresponding to high geomagnetic activity, as given in the lower part of Table 1 . Figure 14 . Local and bounce-averaged diffusion rates for L-mode EMIC waves interacting with electrons in a hydrogen plasma, at L = 4, for the indicated energies; 1% drift-averaging has been applied. after both bounce-averaging and drift-averaging have been carried out, the pitch angle scattering rates of electrons of energies E k = 1.25, 1.5, 2, 5 MeV near the equatorial loss cone correspond to rapid precipitation loss over a timescale of several hours. Near the equator, resonance with 10 MeV electrons is confined to the approximate pitch angle range 57 < a eq < 80 deg. The effects of significant scattering at higher latitudes produce a scattering timescale for 10 MeV electrons near the loss cone (a eq $ 5 deg) of about 1 day.
[26] In Figures 15, 16 , and 17 we show local and bounceaveraged electron diffusion coefficients for L-mode EMIC waves in the hydrogen (H + ), helium (He + ), and oxygen (O + ) bands; drift-averaging of 1% has also been applied. In each figure we plot the pitch angle diffusion rates at L = 4, for the specified electron energies. To represent a range of electron number densities in the plasmasphere, we set a* = 10 À3 at the top and a* = 10 À2 at the bottom. The wave parameters and ion densities (h 1 , h 2 , h 3 ) adopted in Figures 15, 16 , and 17 are those adopted by Summers and Thorne [2003] in their Figures 8, 9 , and 10, respectively. In each case we set the wave amplitude DB = 1 nT. The parameters adopted for the H + band waves (Figure 15 ), w 1 = 0.5W p , w 2 = 0.7W p , w m = 0.6W p , dw = 0.1W p , h 1 = 0.85, h 2 = 0.1, and h 3 = 0.05, typify the sudden commencement phase of a magnetic storm [Bräysy et al., 1998 ]. Electron minimum resonant energies in the top and bottom of Figure 15 are 292 keV and 1.52 MeV, respectively. From Figure 15 (top) we see that the bounce-averaged scattering timescale near the equatorial loss cone for 1 MeV electrons is about 1 hour, and the timescale for 500 keV electrons is about 0.5 hour. We deduce from the top and bottom of Figure 15 that H + band waves can induce the rapid removal of relativistic (1-2 MeV) electrons from the outer zone in a timescale of a few hours.
[27] In Figure 16 , for the helium (He + ) band, we use parameters representative of the main phase and recovery phase of a storm (w 1 = 2.5W O+ , w 2 = 3.5W O+ , w m = 3W O+ , dw = 0.5W O+ , where W O+ is the oxygen ion gyrofrequency; h 1 = 0.7, h 2 = 0.2, and h 3 = 0.1). Electron minimum resonant energies in the top and bottom of Figure 16 are 819 keV and Figure 15 . Local and bounce-averaged electron diffusion rates for hydrogen (H + ) band EMIC waves in a multi-ion plasma, at L = 4, for the indicated energies; wave amplitude DB = 1 nT and 1% drift-averaging has been applied. Figure 16 . Local and bounce-averaged electron diffusion rates for helium (He + ) band EMIC waves in a multi-ion plasma, at L = 4, for the indicated energies; wave amplitude DB = 1 nT and 1% drift-averaging has been applied.
3.4 MeV, respectively. The timescale for removing relativistic electrons (of energies one to several MeV) from the outer zone by He + band scattering during storms can be several hours (Figure 16 ), comparable to the loss timescale due to H + band scattering (Figure 15 ). X-ray observations of MeV electron precipitation from balloons reported by Lorentzen et al. [2000] and Millan et al. [2002] can be explained by such EMIC wave scattering. Scattering rates for oxygen (O + ) band waves are shown in Figure 17 for parameters representative of the main phase of a storm (w 1 = 0.85W O+ , w 2 = 0.95W O+ , w m = 0.9W O+ , dw = 0.05W O+ , h 1 = 0.6, h 2 = 0.2, h 3 = 0.2). O + band waves typically cannot scatter MeV electrons since the minimum electron resonant energy exceeds 1 MeV. When present, O + band waves can be expected to cause rapid scattering loss of electrons at higher relativistic energies, 5 -10 MeV (Figure 17, bottom) .
[28] In Figure 18 (left) we show electron loss timescales due to EMIC wave scattering at L = 3.0, 3.5, 4.0, 4.5, 5.0, at the specified energies in the range 0.9-5 MeV; for comparison we also show corresponding electron loss timescales due to scattering by plasmaspheric hiss. We assume a hydrogen plasma and we use the plasmaspheric density model of Sheeley et al. [2001] , N 0 = 1390 (3/L) 4.83 cm
. For the EMIC waves we take w 1 = 0.2W p , w 2 = 0.7W p , w m = 0.45W p , dw = 0.25W p , DB = 1 nT, and we perform 1% drift-averaging. For the hiss, we take w 1 /2p = 0.1 kHz, w 2 /2p = 2.0 kHz, w m /2p = 0.55 kHz, and dw/2p = 0.3 kHz, DB = 0.1 nT, and we perform 60% drift-averaging. The electron loss timescale t loss is calculated using t loss = 1/hD aa i, evaluated at the equatorial loss cone angle (a L ) eq . For the conditions adopted in Figure 18 , we see that over the energy range 0.9 -5 MeV, electron loss timescales range, where scattering occurs, from about 1 hour to several hours, dependent on L value; EMIC waves scatter 1 MeV electrons only in the range 4 L 5, but scatter electrons of energy 1.5-5 MeV throughout the range 3 L 5. The hiss amplitude DB = 100 pT assumed in Figure 18 is characteristic of intense geomagnetic activity. In this case, loss timescales due to hiss for 1 MeV electrons are less than 1 day over the range 3 L 5; and for electrons of energy 1.2-2 MeV the loss timescales due to hiss are in the approximate range 1 -4 days. Hiss can therefore be expected to contribute significantly to relativistic (1 -2 MeV) electron loss during the recovery phase of a magnetic storm. We note that scattering loss timescales due to hiss and EMIC waves can be comparable, for example for 900 keV electrons at L = 4.5. Since minimum resonant energies for hiss/electron interactions are generally low, in certain regimes hiss can be more effective for inducing scattering loss than EMIC waves. For instance, in Figure 18 , for E k = 1 -1.2 MeV and 3 L 4, timescales for loss due to hiss are less than or of the order of 1 day, while EMIC waves do not scatter electrons in this regime.
[29] In Figure 18 (right), for EMIC waves, we plot local scattering rates as a function of magnetic latitude, at the specified energies and L values, for electrons at the equatorial loss cone. From Figure 18 we observe that 1 MeV electrons near the equatorial loss cone are in resonance with EMIC waves only over the narrow latitude range jlj < 5 deg, while the corresponding scattering range for 5 MeV electrons is about jlj < 20 deg. For relativistic electrons near the equatorial loss cone (a eq $ 5 deg), significant scattering by EMIC waves does not occur at high latitudes (jlj > 20 deg).
[30] For comparison with the electron loss timescales due to EMIC wave scattering in a hydrogen plasma (Figure 18 ), we plot in Figure 19 electron loss timescales for hydrogen (H + ), helium (He + ), and oxygen (O + ) band waves. For Figure 19 , the wave parameters adopted are exactly those used in Figures 15 -17 , and we apply 1% drift-averaging and assume the plasmaspheric density variation N 0 = 1390 (3/L) 4.83 cm À3 due to Sheeley et al. [2001] . Electron loss timescales for H + band waves in Figure 19 are rapid (<1 day), similar to those for EMIC waves in a hydrogen plasma (Figure 18 ). For the conditions assumed in Figure 19 , He + band and O + band waves do not scatter electrons of energy 1.25-2 MeV, but effectively scatter the more energetic (4 -5 MeV) relativistic electron population.
[31] It should be emphasized that electron minimum resonant energies and scattering rates can be very sensitive to the assumed EMIC wave spectral properties, the ion composition, and the value of the a*-parameter. Nevertheless, there is ample evidence in Figures 14-19 that EMIC waves can induce precipitation loss of relativistic electrons Figure 17 . Local and bounce-averaged electron diffusion rates for oxygen (O + ) band EMIC waves in a multi-ion plasma, at L = 4, for the indicated energies; wave amplitude DB = 1 nT and 1% drift-averaging has been applied. from the outer zone in a matter of hours under appropriate conditions. For electron resonance with EMIC waves, a general caveat is that even under optimal plasmaspheric conditions (in terms of background density and ion composition) resonant energies do not often go below 1 MeV; EMIC waves may therefore only be able to account for part of observed energetic electron losses. Rapid depletions of relativistic electron flux in the outer radiation belt reported by Onsager et al. [2002] , , and recently by Clilverd et al. [2006] could at least be partly due to intense scattering by EMIC waves. EMIC waves could also contribute significantly to the well-known drop-out of energetic electrons that occurs during the main phase of a magnetic storm. The main-phase drop-out of relativistic electrons was originally attributed to the adiabatic ''Dst effect'' [Li et al., 1997; Kim and Chan, 1997] . The estimates by Loto'aniu et al. [2006] of pitch angle scattering rates using measured EMIC wave spectra from CRRES further confirm that EMIC wave scattering can compete with the Dst effect as a mechanism for removing relativistic electrons from the outer zone during a storm main phase. It is evident from our calculations in sections 2, 3, and 4 that scattering by EMIC waves, whistler-mode chorus, or plasmaspheric hiss could separately, or in combination, cause large relativistic electron flux decreases in the outer radiation belt during geomagnetically active periods.
[32] In the present paper, and elsewhere in the literature, it has been stated that EMIC waves and plasmaspheric hiss are ineffective for electron acceleration. We demonstrate this in Figure 20 , in which we plot bounce-averaged momentum diffusion rates for 1 MeV electrons, at L = 4.5, for typical chorus, hiss and EMIC wave parameters. For the chorus waves, we take w 1 = 0.05 jW e j, w 2 = 0.65 jW e j, w m = 0.35 jW e j, dw = 0.15 jW e j, DB = 0.1 nT, a* = 0.16, and we apply 60% drift-averaging. For hiss, we take w 1 /2p = 0.1 kHz, w 2 /2p = 2.0 kHz, w m /2p = 0.55 kHz, dw/2p = 0.3 kHz, DB = 0.1 nT, a* = 0.001 (or 0.01), and apply 60% drift-averaging. For the EMIC waves, we take w 1 = 0.2W p , w 2 = 0.7W p , w m = 0.45W p , dw = 0.25W p , DB = 1 nT, a* = 0.001, and we apply 1% driftaveraging. Optimal timescales for momentum diffusion of 1 MeV electrons at L = 4.5 are typically 1 day, 10 days, and 
Electron Loss Timescales Due to Combined
Scattering By VLF Chorus, ELF Hiss, and EMIC Waves
[33] We consider the total (net) timescale for electron precipitation loss due to combined scattering by VLF chorus, ELF hiss, and EMIC waves, in the cases illustrated in Figure 21 . The top left of Figure 21 is a schematic representation of the plasmasphere and typical distribution of waves for the case of high geomagnetic activity (case A). The top right schematically depicts the plasmasphere incorporating a drainage plume, together with an expected distribution of waves (case B). The boundary of the plasmasphere and plume shown in case B was constructed using Figure 5h of Spasojevic et al. [2003] . Parenthetically, we note the recent resurgence in studies of plasmaspheric plumes [e.g., Spasojevic et al., 2003; Moldwin et al., 2004; Goldstein et al., 2004 Goldstein et al., , 2005 . Specifically, we note that wave-particle interaction has been cited as an important loss process in plumes, in particular precipitation loss of energetic protons by EMIC wave scattering [Burch et al., 2002; Spasojevic et al., 2004; Burch, 2006] . Corresponding to each of cases A and B, we calculated the approximate percentage of an electron drift orbit that traverses each wave mode for a given L value. These results are shown in the tables in Figure 21 . We define the total electron loss timescale t tot by the relation where the timescales due to scattering by VLF chorus, ELF hiss, and EMIC waves (t chorus , t hiss , t EMIC ) are calculated using
and each bounce-averaged diffusion coefficient is evaluated at the equatorial loss cone angle (a L ) eq . In calculating the diffusion coefficients in (2), we apply the drift-average percentage for each wave mode given in the tables in Figure 21 . We assume each wave mode has a Gaussian spectral density and is distributed along the entire field line. For chorus, we assume the waveband 0.05 jW e j < w < 0.65 jW e j, with w m = 0.35 jW e j, dw = 0.15 jW e j, and amplitude DB = 0.1 nT. For hiss, we assume a waveband with lowerfrequency w 1 /2p = 0.1 kHz, upper-frequency w 2 /2p = 2.0 kHz, with bandwidth dw/2p = 0.3 kHz, w m /2p = 0.55 kHz, and amplitude DB = 0.1 nT. For EMIC waves, we assume the waveband W p /6 < w < W p /2, with w m = W p /3, dw = W p /6, and amplitude DB = 1 nT. Following Sheeley et al. (2) are shown in the top of Figure 22 . We also show in the bottom of Figure 22 the percentage contribution of each wave mode to the total electron loss rate, at the specified electron energies and L values. In both cases A and B, for electron energies 100 keV E k 1 MeV, we see that t tot 1 day, for 3 L 6. For electrons in this energy range at these L values, the loss is the result of scattering by chorus or hiss or by chorus and hiss in combination. In case A, EMIC waves strongly scatter electrons of energy 3 MeV at L = 3. In case B, because of the presence of the plasmaspheric plume, EMIC waves produce intense scattering of 3 MeV electrons over the range 4 L 7. Since the approximate minimum resonant energies for electron interaction with the assumed band of EMIC waves at L = 3, 4, 5, 6, 7 are E min = 2.5, 2.1, 1.8, 1.5, 1.4 MeV, respectively, EMIC waves cannot scatter electrons at the specified energies 100 keV, 300 keV, 1 MeV at L = 3 in case A or over the range 4 L 7 in case B. At L = 7 scattering due to hiss in the plasmaspheric plume leads to approximate electron loss timescales of t tot = 3 days for 300 keV electrons, and t tot = 20 days for 1 MeV electrons. Cases A and B have been chosen to illustrate the differing contributions of each wave mode to the total scattering loss rate according to the state of the plasmasphere and the spatial distribution of the waves. To carry out more realistic calculations of the total electron loss timescale t tot , detailed information is required on the evolution over time of both the configuration of the plasmasphere and the wave distributions.
[34] We caution that the calculation of the total electron loss timescale by using (1) and (2) may be subject to limitations. Equations (1) and (2) assume that individual wave processes are additive and independent. This situation can at least be expected to prevail when diffusion is relatively weak. Summers and Thorne [2003] showed that EMIC waves can drive energetic electrons into the limit of strong diffusion, with a total precipitation loss of particles occurring in a few drift orbits. If total wave scattering is sufficiently intense to drive electrons into the strong diffusion regime, equations (1) and (2) become invalid. The electron loss timescale is then given by t SD = 1/D SD , where the strong diffusion rate D SD is given by expression (27) of Summers and Thorne [2003] .
[35] In this paper we have been concerned with loss of radiation belt electrons due to precipitation induced by plasma wave scattering. Net losses of radiation belt electrons may also result from radial (cross-L) diffusion and drift across the magnetospheric boundary (magnetopause shadowing). A comprehensive accounting of actual (nonadiabatic) losses of radiation belt electrons therefore Figure 21 . Schematic distributions of chorus, plasmaspheric hiss, and EMIC waves in the cases of high geomagnetic activity and relatively compressed plasmasphere (case A) and following high geomagnetic activity during the evolution of a plasmaspheric plume (case B). Corresponding to each case, a table is given showing the approximate percentage of an electron drift orbit that traverses each wave mode, for a given L value.
requires inclusion of at least these additional processes. Evidence reported so far [e.g., Reeves, 2003] indicates that magnetopause shadowing does not cause significant electron losses from the outer zone.
Conclusions
[36] Summers et al. [2007] present formulae for the bounce-averaged quasi-linear diffusion coefficients for cyclotron resonance with field-aligned electromagnetic waves in a hydrogen or multi-ion (H + , He + , O + ) plasma. Here we have applied the formulae to the interaction of radiation belt electrons with (1) R-mode chorus waves outside the plasmasphere, (2) R-mode hiss inside the plasmasphere, and (3) L-mode EMIC waves inside the plasmasphere. Our main conclusions are as follows:
[37] 1. The process of bounce-averaging takes account of the off-equatorial resonant interactions of a particle with a wave during the bounce motion of the particle along the field line. For a given wave mode, the effects of bounceaveraging depend on the particle energy, equatorial pitch angle, L value, latitudinal distribution of the waves, and latitudinal distribution of plasma density. Bounce-averaging may increase, decrease, or leave unchanged the local pitch angle scattering rate at the equatorial loss cone. Compared to local equatorial values, bounce-averaging can increase the chorus momentum diffusion rates for energetic electrons, and extend the range of equatorial pitch angles over Figure 21 , total electron loss timescales due to combined scattering by chorus, plasmaspheric hiss, and EMIC waves in cases A and B. For each case, a table is given showing the approximate percentage contribution of each wave mode to the total electron loss rate. which momentum diffusion is effective; bounce-averaging can also correspondingly reduce momentum diffusion rates at higher pitch angles for lower-energy electrons.
[38] 2. Timescales for momentum diffusion of MeV electrons in resonance with VLF chorus outside the plasmasphere can be optimally less than 1 day, or a few days, dependent on the properties of the waves, and the value of the parameter a* = W e 2 /w pe 2 / B 0 2 /N 0 . The mechanism of electron acceleration by chorus energy diffusion increases in efficiency as N 0 decreases or B 0 increases. Equatorial chorus waves (jl W j < 15 deg) can effectively accelerate MeV electrons of sufficiently large pitch angles; higher-latitude chorus (jl W j > 15 deg) increases the efficiency of the chorus acceleration mechanism. Timescales for precipitation loss of MeV electrons due to chorus scattering can be less than 1 day in the outer zone. Efficient pitch angle scattering of MeV electrons by field-aligned chorus typically requires waves with latitudinal distribution jl W j > 30 deg.
[39] 3. We have calculated timescales for the electron precipitation loss t loss due to pitch angle scattering by plasmaspheric hiss in the region 3 L 5, during low geomagnetic activity (K p < 3 À ). For instance, at L = 4, we find t loss = 1.6 days for electron energy E k = 510 keV, and t loss = 6.1 days for electron energy E k = 1.09 MeV. We compared our model calculations with CRRES observations of timescales for the quiet-time decay of energetic electrons at L = 3.0, 3.5, 4.0, 4.5, and 5.0, following enhanced geomagnetic activity. For electron energies 510 keV E k 1 MeV, the model timescales are a reasonable fit to the data, so we conclude that pitch angle scattering by fieldaligned plasmaspheric hiss can largely account for the quiettime decay of electrons at these energies in the region 3 L 5. Timescales for electron precipitation loss due to hiss were found to be sensitive to the latitudinal distribution of the waves. We also calculated electron loss timescales due to hiss during high geomagnetic activity (AE* > 500 nT) in the region 3 L 4, using wave amplitudes measured on CRRES. Under these conditions, we found that plasmaspheric hiss can induce rapid precipitation loss of energetic electrons, e.g., at L = 4 we find t loss = 0.3 day for E k = 510 keV, and t loss = 1 day for E k = 1.09 MeV.
[40] 4. For EMIC waves, electron minimum resonant energies and pitch angle diffusion rates depend sensitively on the wave spectral properties, the ion (H + , He + , O + ) composition of the plasma, and the value of the parameter a* = W e 2 /w pe 2 . Under appropriate conditions, hydrogen (H + ), helium (He + ), and oxygen (O + ) band EMIC waves, or EMIC waves in a hydrogen plasma, can induce precipitation loss of MeV electrons from the outer zone in a timescale of hours.
[41] 5. VLF chorus, plasmaspheric ELF hiss, and EMIC waves can each cause intense scattering loss of MeV electrons from the outer zone, under suitable conditions. Specifically, for each wave mode, the timescale for electron precipitation loss of MeV electrons can be of the order of hours or days. We conclude that scattering loss by chorus, hiss, or EMIC waves, can separately, or in combination, contribute significantly to the depletion of relativistic electrons from the outer radiation belt over the course of a magnetic storm. While chorus waves can efficiently accelerate electrons by energy diffusion (as noted in paragraph 2 above), plasmaspheric hiss and EMIC waves are not effective for electron acceleration.
[42] 6. To construct a complete model to describe the transport, acceleration and loss of radiation belt electrons, it is necessary to include, in addition to radial (cross-L) diffusion, resonant diffusion due to electron gyroresonance with VLF chorus, plasmaspheric ELF hiss, and EMIC waves. Accurate models of radiation belt electron dynamics require comprehensive observational data on the spectral properties of these waves, including not only the amplitudes and waveband parameters, but also the latitudinal and MLT distributions.
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